Using retrograde HRP labeling from the optic nerve (ON) or optic tectum (OT), we have visualized large ganglion cells (LGCs) in wholemounted retinas of the teleost Pholidapus dybowskii and studied their morphology and spatial properties. In all, three LGC types were distinguished. In a previous paper, detailed data were provided on one type, biplexiform cells [Pushchin, I. I., & Kondrashev, S. L. (2003) . Biplexiform ganglion cells in the retina of the perciform fish Pholidapus dybowskii revealed by HRP labeling from the optic nerve and optic tectum. Vision Research, 43, 1117Research, 43, -1133. Here, we present data on the other two confirmed types, a a and a ab cells. The types differed in the level of dendrite stratification, dendrite arborization pattern, dendritic field size, and other features, and formed in the retina significantly non-random, spatially independent mosaics. Both types were labeled from the OT, indicating their participation in OT-mediated visual reactions. The comparison of spatial properties of a a and a ab mosaics labeled from the ON and OT suggests that the OT is the major or one of the major projection areas of both types. We also describe the morphology of cells resembling a c cells of other fishes, which were only labeled from the ON. The LGC types presently revealed were similar in their morphology to LGCs found in other teleosts supporting the hypothesis of LGC homology across the teleost lineage.
Introduction
Large retinal ganglion cells (LGCs) differ from other ganglion cells (GCs) in the considerably larger size of their dendritic fields and somata. They are found in the vast majority of the vertebrates studied (e.g., lamprey : Fritzsch & Collin, 1990; shark: Stell & Witkovsky, 1973; lungfish: Bailes, Trezise, & Collin, 2006; garfish: Collin & Northcutt, 1993; goldfish: Cook, Becker, & Kapila, 1992; catfish: Cook & Sharma, 1995; salamander: Arkin & Miller, 1988; frog: Frank & Hollyfield, 1987; turtle: Guiloff & Kolb, 1992; gecko: Cook & Noden, 1998; chick: Naito & Chen, 2004; rabbit: DeVries & Baylor, 1997; mouse: Kong, Fish, Rockhill, & Masland, 2005; cat: Wässle, Peichl, & Boycott, 1981; monkey: Yamada, Bordt, & Marshak, 2005) . To date, morphology-based LGC classifications have been proposed for a considerable number of fish species (e.g., Collin, 1989; Collin & Northcutt, 1993; DunnMeynell & Sharma, 1986; Hitchcock & Easter, 1986; Mangrum, Dowling, & Cohen, 2002; Podugolnikova, 1985; Stell & Witkovsky, 1973) . However, the comparative analysis of LGCs is hindered by a haunting suspicion that some LGC populations described as types are actually not natural types in the sense of Cook (1998) , i.e., distinct ontogenetic entities, produced by different series of cell-fate decisions, but rather they are arbitrary mixtures or subsets 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2007 .07.004 of these entities. In this connection, of special importance is the analysis of the spatial arrangement of these cells in the retina. GCs, as well as other retinal neurons, form non-random, generally spatially independent mosaics. Cook and colleagues proposed that GCs forming an independent, regular mosaic are likely to constitute a single natural type (Cook & Becker, 1991; Cook et al., 1992) . There is profound evidence that Cook's dogma of ''one type -one mosaic'' is true, with a possible exception of a few special cases (Cook & Chalupa, 2000) . Using this mosaic-based approach, Cook with colleagues (Cook & Becker, 1991; Cook, Kondrashev, & Podugolnikova, 1996; Cook, Podugolnikova, & Kondrashev, 1999; Cook & Sharma, 1995; Cook et al., 1992) described four LGC types in a number of teleost species differing in the level of dendrite stratification and forming regular, spatially independent mosaics. Similar types were found in amphibia and a reptile (Cook & Noden, 1998; Shamim, Scalia, Toth, & Cook, 1997; Shamim, Toth, Becker, & Cook, 1999; Shamim, Toth, & Cook, 1997) . At the same time, mammalian LGCs, which also form regular independent mosaics, differ from non-mammalian ones in many aspects (Jeyarasasingam, Snider, Ratto, & Chalupa, 1998; Sernagor, Eglen, & Wong, 2001) . Bearing this in mind, Cook and Noden (1998) proposed that LGCs of all non-mammalian jawed vertebrates share a set of primitive (symplesiomorphic) characters, while mammalian LGCs share a set of different (synapomorphic) characters. The homology of particular LGC types in some species has been strongly supported in a number of studies. A good example is a ab cells in two neoteleost fishes, Bathymaster derjugini and Oreochromis spilurus, whose homology is supported both by their high structural similarity and by the close phylogenetic relationship between these species . However, to get a comprehensive, yet detailed picture of evolutionary changes of LGCs and reveal their equivalent types in different anamniote lineages, systematic studies of these cells in a considerable number of species, including agnathans, are required. Such studies are also important to differentiate between two factors determining GC properties in a particular species, the species' modus vivendi and phylogenetic position.
The functional role of fish LGCs remains largely unclear. In this connection, their central projections are of considerable interest. To date, some fifteen primary visual centers have been identified in the fish brain (Butler & Saidel, 1993) . The most important of them is the optic tectum (OT), both because of the high proportion of GC axons terminating there and its principal role in fish visual behavior (Allaerts, 1999; Saidel & Butler, 1997) .
In fish, the retinotectal projection has been extensively studied in many ways (e.g., Fernald, 1982; Johnson, Dawson, & Meyer, 1999; Meyer & Kageyama, 1999; Wang & Meyer, 2000) . Given the huge amount of accumulated data, it is surprising that morphological types of OT-projecting fish GCs remain largely unknown. Podugolnikova, Kondrashev, and Pushchin (2002) studied the morphology of OT-projecting LGCs in two scorpaeniform fishes, Myoxocephalus stelleri and Hexagrammos octogrammus. In all, three types were identified based on earlier LGC classifications (Podugolnikova & Kondrashev, 1998; Podugolnikova, Kondrashev, & Cook, 1998a; Podugolnikova, Kondrashev, & Cook, 1998b ; see Section 4). Collin and Northcutt (1995) studied GCs projecting to the ipsi-and contralateral OT in the Florida garfish Lepisosteus platyrhincus. The cells were retrogradely labeled with rhodamine-conjugated dextran amines from the mediorostral pole of the right OT. Heterogeneous LGC populations were found in both the ipsi-and contralateral retinae. The authors mention that the primary dendritic fields of RDA labeled ganglion cells allowed them to identify specific ganglion cell classes based on an earlier-proposed classification (Collin & Northcutt, 1993) . However, they provide no detailed description of these classes. Saidel and Butler (1997) observed GCs retrogradely labeled with DiI from the OT in the African butterfly fish Pantodon buchholzi. Their Fig. 3B presents a micrograph of a wholemounted retina, where GC bodies of different size can be seen. The authors, however, provide no description of dendritic morphology or detailed classification of these cells.
We revealed four LGC types in a neoteleost Pholidapus dybowskii. Depending on the level of dendrite stratification, they were called a a , a ab , a c , and biplexiform cells following the nomenclature of Cook and Sharma (1995) . Different LGC types form regular independent mosaics in the Pholidapus retina. Later, we found that all types, except a c , project to the OT (Kondrashev & Pushchin, 2001; Kondrashev, Pushchin, & Podugolnikova, 1999) . In an earlier paper (Pushchin & Kondrashev, 2003) , we focused on one of the Pholidapus LGC types, biplexiform cells. Here, we describe the morphology, spatial arrangement, and tectal projection of the other LGC types found in this species. Parts of this study have been published previously in abstract form (Kondrashev & Pushchin, 2001; Kondrashev et al., 1999; Podugolnikova & Kondrashev, 1998) .
Materials and methods

Specimen preparation
Fish 13-15 cm long were caught in the Bay of Peter the Great (Sea of Japan) off Vladivostok during May-October and kept in aerated water at 12-18°C and maintained in a natural light/dark cycle. A fish was deeply anesthetized with MS-222 (3-aminobenzoic acid ethyl ester, methanesulfonate salt; Sigma Chemical Co., St. Louis, MO; 0.01-0.03% seawater solution) and allowed to survive in the holder by passing fresh oxygenated seawater over the gills. In the case of labeling from the OT, the skin and upper part of the cranium opposite to the OT were removed. The brain surface was slightly air dried, a piece of dura mater covering the dorsomedial OT was carefully removed, and small crystals of horseradish peroxidase (Sigma Type VI) were applied to lesions made in the dorsomedial part of one or both tectal hemispheres. For the next 10-15 min, the cranium remained open and excessive hemolymph was removed with a fine pipette. The excised cranial and dermal tissues were then replaced, and the junctures were thoroughly repaired with cyanoacrylate glue. The fish was perfused with water over the gills for 10-15 min and main-tained for 7-9 days under the same conditions as intact fish. The procedures of GC labeling from the ON and retinal wholemount preparation were as described by Cook et al. (1996) . In brief, a fish was prepared as above, the conjunctiva near the eye was incised, and the eye was rotated to make the ON available to manipulation. The ON was partially or completely cut, and small HRP crystals were applied to the lesioned optic nerve (ON) fibers. The conjunctiva was repaired with cyanoacrylate glue, the fish was perfused with water over the gills for 10-15 min and maintained for 3-4 days under the same conditions as intact fish. It was then dark adapted for 1-1.5 h, deeply anesthetized with MS-222, and decapitated. The eyes were removed, and the retinae were isolated and fixed. They were then washed in phosphate buffer, developed in diaminobenzidine solution, dehydrated through an ethanol series of increasing concentrations, cleared in xylene, and wholemounted onto a slide with a film grid of 0.5-mm squares sandwiched between the retina and the slide (Cook, 1987) . A total of 28 fish were used in these experiments. The fish were treated in strict accordance with the European Communities Council Directive of 24 November, 1986.
Cell morphology analysis
For this part of the study, 42 retinal wholemounts were used, 36 prepared after HRP application to the ON, and the remaining six, after HRP application to the OT. Cells were observed in an Olympus microscope (BHS model) with 100/1.25 (oil) and 40/0.7 (dry) SPlan objectives. When drawing cells and measuring dendritic depths, the 100/1.25 objective and RA-6 drawing tube (Leningrad Optical and Mechanical Company, St. Petersburg, Russia) were used. Relative dendritic depths were measured by readings of a fine adjustment knob of the microscope as recommended by Harris (1985) . This allowed a repeatable resolution of about 1 lm to be achieved that was slightly more than the focal depth of the objective (0.68 lm). Since in all wholemounts, total inner plexiform layer (IPL) thickness varied from 30 to 50 lm, this was sufficient for reliable measurement of dendrite stratification depth in the IPL. The IPL depth was estimated by visualizing unstained cell outlines using Nomarski differential contrast. All depths were recorded relative to the local depth of the ganglion cell layer to compensate for retinal undulations. For several representative cells, a detailed radial view was reconstructed from many individual depth measurements, as described by Cook and Sharma (1995) .
Since the estimated refractive index of the DPX mounting medium (1.51-1.52) was close to that of the immersion medium (1.515), no correction of measured absolute depths was performed. Fine focus knob readings were calibrated as described in Harris (1985) . Corrections for specimen shrinkage, which was estimated to lie within 3-5%, were not attempted. Kruskal-Wallis ANOVA-on-Ranks with post hoc Dunn's tests was used to reveal possible differences in dendritic field area between three large GC types.
Cell distribution analysis
Cell distributions were plotted using the ''improved plotting procedure'' (Cook, 1987) and computerized as described by Cook et al. (1996) , with slight modifications. In brief, a piece of photographic film with a grid of 0.5 mm squares was placed under the wholemount providing a retina-wide coordinate system. The grid allowed plotting large wholemount areas without accumulating positional errors. By means of a drawing tube, the position of each cell was plotted onto a paper map, which was then digitized using the TABLYT program generously provided by J. E. Cook, University College, London.
Cell distribution properties were studied by the methods of nearest neighbor distance (NND) (Cook, 1996; Wässle & Riemann, 1978) and two-dimensional correlographic analysis (Rodieck, 1991) .
Standard algorithms (Cook & Becker, 1991) were applied to compute NNDs, their frequency distribution, mean, and standard deviation. As an estimation of mosaic regularity, the conformity ratio (the ratio of the mean NND to its standard deviation) was used since it reacts conservatively to boundary effects and, to a lesser degree, to random undersampling and is therefore preferable when studying spatial properties of small or irregular-shaped mosaics (Cook, 1996 (Cook, , 1998 . The conformity ratio ''ready-reckoner'' of Cook (1996) was used to determine the significance of each mosaic's conformity ratio. Kolmogorov-Smirnov one-sample comparisons were made between the observed distribution of NNDs and two theoretical curves, the Gaussian distribution with the same mean and standard deviation and the Rayleigh distribution of predicted NNDs for a random (Poisson-distributed) population of the same average density.
Spatial auto-correlograms, cross-correlograms, and density recovery profiles were plotted, and effective radii of exclusion were calculated as described in Rodieck (1991) , with Cook and Sharma('s) (1995) modifications. The effective radius of exclusion is a measure of the territory around each member of the mosaic free of other such members. It is highly resistant to both boundary and undersampling effects and is thus preferable for the analysis of small or irregularly shaped mosaics.
Results
3.1. Large ganglion cells labeled from the optic nerve 3.1.1. Morphology
LGCs, as well as non-large GCs labeled from the optic nerve, could be found everywhere in the retina.
LGCs could be easily distinguished by eye from neighbouring non-large GCs by their considerably (at least 10-fold) larger dendritic fields. There was, however, no particular size threshold as the areas of both GC groups varied across the retina.
LGCs also differed from non-large GCs in larger somata and thicker primary dendrites. The distribution of both LGCs and non-large GCs in every single wholemount was restricted to concentric annuli formed by labeled GCs of similar age. Such a labeling pattern is accounted for by the structure of the Pholidapus ON and peculiarities of HRP administration (Scholes, 1979) . Four putative LGC types could be distinguished based on the level of dendrite stratification in the retina. a a cells were monostratified within the scleral portion of the IPL (sublamina a 1 ). a ab cells were bistratified within both scleral and vitreal portions of the IPL (sublaminae a and b). Biplexiform cells had two stratification zones, one in the scleral half of the IPL and the other at the boundary of the outer plexiform layer (OPL) and inner nuclear layer (INL). a c cells had planar dendritic trees stratified within the vitreal portion of the IPL.
3.1.1.1. a a cells. A drawing of an a a cell in the wholemount projection and a reconstruction of its side view are shown in Fig. 1A and B. Fig. 1C and D presents micrographs of an a a cell in two focal planes. a a cells had large rounded, fusiform, or irregularly-shaped somata, lying orthotopically or displaced to various degrees into the IPL. The shape of the soma was largely determined by the number of primary dendrites. Two to four smooth primary dendrites arose from the soma branching sparsely, if at all. Thinner low-order dendrites were stratified within sublamina a of the IPL. They rarely crossed and provided a uniform coverage of the cell's area of influence. Dendrites of every order were somewhat winding and bore rare en passant varicosities. The overall branching pattern of a a cells resembled those of biplexiform cells' inner subtrees, stratified in the same IPL sublamina and often interlacing with a a dendrites.
A 2-3 lm thick axon originated from either the soma or a primary dendrite. It entered the nerve fiber layer, where it could be traced up to the optic disk.
The size, shape, and orientation of a a dendritic fields varied regularly across the retina. The fields within the central retina were rounded or oval, while those at the far periphery were usually stretched along the retinal margin. However, they were always highly asymmetric, with the body lying closer to the optic disk than the field's center of mass. The cells in the dorsotemporal retina were apparently smaller than those in the rest of the retina, although a variable degree of understaining did not allow a precise estimation of the differences. However, a a fields were always larger than neighboring a ab fields and were comparable in size with neighboring biplexiform cells (a a : 0.1116 ± 0.0138 mm 2 , N = 10; a ab : 0.0097 ± 0.0006 mm 2 , N = 14; bpx: 0.0977 ± 0.0153 mm 2 , N = 10; a a vs a ab and bpx vs a ab , p < 0.001, a a vs bpx, differences are non-significant; Kruskal-Wallis ANOVA-on-Ranks with post hoc Dunn's tests).The dendritic fields of neighboring a a cells respected each other's space resulting in a uniform tiling of the retina with little, if any, overlap ( Fig. 2A) . At the same time, they overlapped considerably and non-systematically with neighboring biplexiform and a ab fields (Fig. 2D) .
3.1.1.2. a ab cells. A drawing of an a ab cell in the wholemount projection and a reconstruction of its side view are shown in Fig. 3A and B. Fig. 3C -E present micrographs of an a ab cell at three different focal planes. a ab cells had large rounded or irregular-shaped somata. Most somata were orthotopic, with a small portion displaced to a varying degree to sublamina c of the IPL. As in the case of a a cells, the shape of the soma was largely determined by the number of primary dendrites. Two to four primary dendrites arose from the soma branching profusely. The dendrites branched more densely, were more meandering, and tapered more rapidly than those of a a cells. Low-order dendrites of a ab cells arborized in sublam- inae a and b of the IPL. Some cells had narrowly stratified inner and outer subtrees separated by a ''clear'' zone several micrometers thick, while in others, the two subtrees were more diffuse and harder to discern. The subtrees' relative areas were approximately proportionate. Each subtree's size was usually proportional to the amount of dendrites belonging to it. Occasional a ab cells had one of the subtrees much less elaborate than the other. Dendrites of the same subtree rarely crossed, providing a uniform coverage of the subtree's area of influence. In contrast, dendrites pertaining to different subtrees seemed to be spatially independent resulting in a considerable overlap between the subtrees (in their projections to the wholemount plane).
A thick axon originated from the soma. It entered the nerve fiber layer, where it could be traced up to the optic disk.
The size, shape, and orientation of a ab dendritic fields varied regularly across the retina, displaying generally the same trends as a a cells. As in the case of a a cells, the dendritic fields of neighboring a ab cells overlapped little, if at all, resulting in a uniform tiling of the retina (Fig. 2B) .
3.1.1.3. Biplexiform cells. As their name implies, biplexiform cells had two dendritic subtrees, the outer one, stratified close to the INL/OPL boundary, and the inner one, confined to sublamina a of the IPL. Each subtree was formed by one or more primary dendrites. The size of both subtrees was comparable to those of neighboring a a cells. A detailed description of these cells was provided in a previous paper (Pushchin & Kondrashev, 2003) .
LGCs. In addition to the above types, LGCs stratified within sublamina c of the IPL occasionally occurred (Fig. 4) . They were similar to a a cells in dendrite arborization pattern, except for their level of stratification. Like other LGCs, they possessed an axon that could be traced within the optic fiber layer to the optic disk. Their dendritic fields overlapped considerably with those of neighboring a a , a ab , and biplexiform cells and exceeded them in size. Only a few such cells were found in over one hundred wholemounts, including severely overstained ones, obtained in both the previous and present studies.
Spatial arrangement and numbers in the retina
The numbers and spatial density of a a and a ab cells varied considerably among wholemounts and different regions of the same wholemount. The spatial density of both cell types was higher (as estimated by eye) in the middle of the temporal retina (corresponding probably to areae retinae temporalis of other fishes), gradually decreasing towards the retina periphery. The between-specimen differences are obviously accounted for in part by balloon-like expansion of the fish retina with age, which results in a decrease in GC density (Hitchcock & Easter, 1986) , and in part by cell undersampling variability.
The spatial properties of LGC distributions were described in detail earlier (Pushchin & Kondrashev, 2003;  see Table 1 and Figs. 6 and 7 therein) and will be only briefly reviewed here. The distributions of separate types were apparently non-random, although not conspicuously regular, all over the retina with the exception of the far periphery. Their non-randomness was confirmed by both NND and correlographic analysis. In contrast, the regularity of pairwise mixtures of mosaics of different LGC types occupying the same area was considerably lower, whether assessed by eye or by NND and correlographic analysis, suggesting spatial independence of the constituent mosaics. The distributions of separate LGC types were apparently spatially independent from those of non-large GCs. A precise analysis was not attempted since there is currently no data on non-large GC types in Pholidapus.
The estimation of the total numbers of a a and a ab cells was based on nasal and dorsotemporal regions of two wholemounts with areas of 24.27 and 20.12 mm 2 . The estimates varied from 402 to 531 and from 616 to 1066 for a a and a ab cells, respectively. The a a :a ab spatial density ratios estimated from the observed densities of the overlapping mosaics in the nasal and dorsotemporal quadrants of the 20.12 mm 2 wholemount were 1:1.53 and 1:2.40, respectively. However, the respective estimates based on the exclusion radii of the mosaics (assuming constant random cell undersampling) were 1:1.91 and 1:3.39. The averaged proportions of a a and a ab cells to the overall number of retinal ganglion cells in the same wholemount were 0.26 and 0.51%, respectively.
Large ganglion cells labeled from the optic tectum
After HRP application to either tectal hemisphere, only GCs in the contralateral retina were labeled. The distribution of labeled GCs varied according to the size and position of HRP application sites in the OT. However, it was always restricted to the ventral hemiretina, suggesting that the retinotectal projection in Pholidapus follows a pattern found in other teleosts (Vanegas, 1983; Vanegas, Ebbesson, & Laufer, 1984; Vanegas & Ito, 1983) . a a , a ab , and biplexiform cells were identified in retinal wholemounts after HRP application to the optic tectum. No LGC types were found other than those discovered after HRP application to the optic nerve.The identity of OT-labeled a a , a ab , and biplexiform cells was confirmed by their close similarity in dendrite morphology and stratification to the respective cell types identified after HRP application to the optic nerve. No a c -like cells were revealed by this method.
In all, 217 OT-labeled LGCs were examined and identified. Some cells were filled completely, while others were apparently understained. The latter, however, could be mainly identified with confidence based on the above between-type differences. Camera lucida drawings and micrographs of a a and a ab cells, both separately and in groups, are shown in Figs. 5 and 6.
Mosaics of a a and a ab somata labeled from the OT were apparently non-random, yet not strictly regular ( Fig. 7A and B) . In two wholemounts, the overall number and undersampling degree of OT-labeled a a and a ab mosaics apparently satisfied the requirements of the nearest neighbor distance (NND) and correlographic analyses. The results of both analyses confirmed our impression of non-randomness of the mosaics (Table  1) . The mosaics' NND frequency distributions differed significantly from Rayleigh distributions (theoretically predicted NND frequency distributions for a random sample of the same mean density) suggesting a high degree of regularity of cell arrangement. Their goodness-of-fit to Gaussian distributions with the same mean and standard deviation was much better (differences were non-significant). The mosaics' conformity ratios were also significantly high (Table 1) . Density recovery profiles (DRPs) obtained from the mosaics' spatial autocorrelograms all had a deep central well ( Fig. 7E and F) providing independent evidence for non-random, anticlustered mode of cell arrangement. The ratios of the effective radii, calculated from the DRPs, to their respective profile bin widths differed significantly from those theoretically predicted for random samples (Rodieck, 1991) . The mosaics' densities and other spatial properties were comparable to those of a a and a ab mosaics labeled from the ON (Table 1) . Since the biplexiform cell is the only LGC type with dendrites stratified in the distal retina, all LGCs with cell bodies located in the INL and at least one dendrite reaching the outer part of the INL were considered to be biplexiform cells. A careful inspection of OT-labeled wholemounts revealed 29 biplexiform cells in five retinae confirming our previous findings that Pholidapus biplexiform cells project to the OT. Like OT-labeled a a and a ab cells, they formed regular mosaics in the retina.
No cells resembling ON-labeled a c cells were labeled from the OT.
Discussion
Large ganglion cells in the Pholidapus retina
Implications for classification
The Pholidapus LGC types presently described differ from each other in many aspects, including dendrite arborization pattern, level of dendrite stratification, dendritic field size, spatial arrangement, and number in the retina. The somata of each type form a significantly non-random, spatially independent mosaic, while their pairwise mixtures show far less regularity, often differing insignificantly from random distributions. The size, shape, and orientation of dendritic trees of the same type vary regularly across the retina, with neighboring trees respecting each other's space. In contrast, neighboring cells of different types may overlap to a variable degree. Together, these observations indicate that Pholidapus a a and a ab cells, as well as biplexiform cells, described earlier, are natural types in the sense of Cook (1998 Cook ( , 2003 ; see Section 1).
The situation with a c cells is less definite. Their apparent number was far from enough to provide uniform, gapless coverage of the retina, a requirement a natural GC type is expected to satisfy (Cook, 2003) . There may be several explanations for this. The few a c cells found in our preparations may belong to a natural LGC type, most of whose members were poorly, if at all, labeled. The capriciousness and sporadicity of retrograde labeling of a c cells in various fish and amphibia species have been mentioned by many researchers (Cook & Becker, 1991; Cook & Noden, 1998; Cook et al., 1999; Shamim, Scalia, Toth, & Cook, 1997a; Shamim, Toth, Becker, & Cook, 1999; Shamim, Toth, & Cook, 1997b) . However, none of the available studies reported so few and irregularly occurring a c cells as in the present case.
Alternatively, the total number and spatial density of Pholidapus a c cells may be so low that they fail to provide a gapless tiling of the retina. If so, differentiating a c cell neighbors may be positioned too far apart to form direct (homotypic) contacts. In a number of studies, homotypic contacts were found to play an important role in proper positioning and shaping of GC dendritic fields (Hitchcock, 1989; Lohmann & Wong, 2001 ). However, Lin, Wang, and Masland (2004) showed that in two lines of knockout mice, where 80-95% of GCs degenerate early in development, GCs of the same type form significantly non-random mosaics, but tile the retina incompletely. The dendritic arbors of two knockout GC types were indistinguishable from normal in shape and size, despite a considerable (up to millimeters) space between nearest neighbors of the same type. The authors concluded that the ''primary phenotype of retinal ganglion cells can develop without homotypic contact''. The coverage factor of some mammalian bipolar cells is as low as 0.6 (Milam, Dacey, & Dizhoor, 1993) . These findings suggest that proper positioning and general phenotype of at least some types of retinal neurons may not require homotypic contacts, being instead controlled by other mechanisms (Sernagor et al., 2001 ). This may well be the case in Pholidapus a c cells for the following reasons. Assuming they constitute a natural GC type, their probable physiological counterparts are so-called ON-type spontaneously active units, recorded from the OT in several teleost species of differing ecology and systematic position (Maximova, Orlov, & Dimentman, 1971; Zenkin & Pigarev, 1969) . These units have extremely large receptive fields reacting to general changes in illumination. Their presumptive function is participation in the regulation of fish activ- ity depending on light conditions, e.g., circadian rhythms. Fulfilling this task potentially does not require a gapless tiling of the retina or fine-tuning of dendritic arbors in the sense of Lin et al. (2004) .
Another possible explanation of the rare occurrence of a c cells in Pholidapus is their being developmental abnormalities of another LGC type. It could be either an unknown type or one of the LGC types described above. The former is hardly probable (we never saw LGCs that could be assigned by their morphology or position to an LGC type other than the above four), while the latter needs a detailed analysis. Both in mammalian and non-mammalian vertebrates, some features of certain GC types such as depth of soma or dendrite stratification are known to vary randomly across the retina (e.g., Cook & Becker, 1991; Gomes, Silveira, Saito, & Yamada, 2005; Podugolnikova et al., 1998a,b; Shamim et al., 1997a Shamim et al., ,b, 1999 . However, in all known cases, different varieties of the same cell type respect each other's position, forming a single regular mosaic as a result of their obedience to common regulatory mechanisms (Chalupa, 1998; Galli-Resta, 1998) . Even if dendritic fields of neighboring GCs of the same type overlap, they do so in a regular manner and to a limited, typespecific degree (e.g., Dacey, 1993; Hitchcock, 1987; Lohmann & Wong, 2001; Wässle, Peichl, & Boycott, 1983) . Furthermore, at least in non-mammals, the level of dendrite stratification of a particular LGC type varies 7 quantitatively rather than categorically (Cook, 2003) . In Pholidapus, a c dendritic fields overlapped considerably and irregularly with neighboring a a , a ab , and biplexiform cells and were stratified considerably closer to the ganglion cell layer than the other LGC types suggesting that these cells are not developmental abnormalities of any other LGC type.
Implications of the observed within-type variation
According to the ''one type, one mosaic'' paradigm, all sorts of variation observed within a single regular GC mosaic should be interpreted as within-type variation. The size, shape, and spatial density of most of the GC types studied in this respect vary regularly across the retina, resulting in a generally uniform coverage of different retinal areas, which is of great functional significance (Peichl, 1991; Sernagor et al., 2001) . At the same time, such characters as level of soma and dendrite stratification or number of primary dendrites may vary randomly among members of the same type. This sort of variation is usually believed to be of no functional significance or attributed to minor functions performed by a portion of members of the same type (and mosaic) in addition to the major function served by all members of that mosaic (Cook, 1998 (Cook, , 2003 . Such characters of Pholidapus LGCs as size, shape, and asymmetry of dendritic field and spatial density of cell mosaic were apparently subject to both region-dependent and random variation, while level of soma and dendrite stratification varied randomly remaining, however, within certain, type-specific limits (see below). The Pholidapus retina possesses a moderately pronounced area retinae temporalis, where the GC density is greater than in the rest of the retina (Kondrashev, Pushchin, unpubl. observ.) . This accounts for smaller dendritic field size and greater spatial density of a a and a ab cells, as well as smaller NNDs and exclusion radii of their mosaics, in the dorsotemporal retina.
In Pholidapus, both a a and a ab mosaics contained cells with orthotopic and displaced somata. In either cell type, however, displaced and orthotopic cells formed a single mosaic suggesting their belonging to the same type. The degree of displacement differed greatly between the types: While many a a cells had somata displaced to sublamina a of the IPL, most a ab somata were orthotopic, with a small portion displaced to sublamina c of the IPL. In other nonmammals, a considerable portion of a a somata may be displaced to the IPL to a various degree, while a ab somata are normally orthotopic (e.g., Cook & Becker, 1991; Cook & Noden, 1998; Shamim et al., 1999) . The only possible exception is a ab somata of some frogs studied by Shamim et al. (1997b) . The authors claimed that ''almost all {a ab somata} were orthotopic'' suggesting that some were not. (A) and (B) , respectively, clearly indicates a non-random, anticlustering mode of cell arrangement in both mosaics. The falling off of density with increasing distance is an artefact of the small and irregular sample size, which severely limits the scope for neighbors to exist at all beyond a few multiples of the exclusion radius.
A feasible explanation of these discrepancies can be found in Cook and Becker (1991) , who suggested that wide-field, off-centre GCs such as a a cells may benefit from minimizing their dendritic length by displacing their somata closer to the stratification plane, but that this benefit has to be balanced against ''other benefits presumed to accrue from a strict alteration of cellular and plexiform layers''. Alternatively, this type of variation may be no more than ''developmental accidents'' of no functional importance (Cook, 1998) .
Relation to large ganglion cells in other animals
a a and a ab cells reported in this paper have much in common with a a and a (a)b cells known from other teleost fishes (Collin, 1989; Cook & Becker, 1991; Cook & Sharma, 1995; Cook et al., 1992 Cook et al., , 1996 Cook et al., , 1999 Dunn-Meynell & Sharma, 1986; Hitchcock & Easter, 1986; Kock & Reuter, 1978a; Kock & Reuter, 1978b; Kondrashev, 1992b; Podugolnikova, 1985; Podugolnikova et al., 1998a Podugolnikova et al., ,b, 2002 Vallerga & Djamgoz, 1991) . In all species including Pholidapus, both cell types shared a common pattern of dendrite course, arborization, and stratification. Their within-type variation in different species was also strikingly similar (see section 4.1.2).
LGCs similar and potentially homologous to Pholidapus a a and a ab cells were also described in other non-mammals (e.g., Arkin & Miller, 1988; Chen & Naito, 1999; Frank & Hollyfield, 1987; Guiloff & Kolb, 1992; Martinez-Marcos, Lanuza, & MartinezGarcia, 2002) . In several amphibia and a reptile, the independence of the distinguished types was confirmed by NND distribution and correlogram analysis (Cook & Noden, 1998; Shamim et al., 1997a Shamim et al., ,b, 1999 .
The observed spatial density and regularity of a GC mosaic is affected by (1) random cell undersampling, retinal shrinkage and other experimental artifacts, (2) random variation, (3) regular region-dependent variation, and (4) agerelated variation. Given this, the spatial density and regularity estimates of Pholidapus a a and a b mosaics are quite comparable with corresponding estimates for other anamniote species as are their total numbers (Tables 1 and 2 ). The a a :a ab spatial density ratio estimates in Pholidapus are comparable to those in other anamniotes [goldfish, 1:3.089 (Cook et al., 1992) ; channel catfish, 1.06:1 to 1:1.06 (Cook & Sharma, 1995) ; tilapia, 1:3.03 (Cook & Becker, 1991) ; ronquil, 1:2.59 to 1:4.11 ; cane toad, 1:2.05 (Shamim et al., 1999) ; edible frog, 1:4.83; northern leopard frog, 1:3.63 (Shamim et al., 1997a) ; African clawed frog, 1:3.31 (Shamim et al., 1997b) ; common house gecko, 1:2.69 (Cook & Noden, 1998) ]. Biplexiform cells also have much in common with biplexiform cells found in goldfish and several perciform and scorpaeniform species Podugolnikova et al., 1998a; Pushchin & Kondrashev, 2003) . Together, our present and previous findings support the hypothesis of symplesiomorphy and potential homology of a a , a b , and biplexiform cells across the anamniotes.
Functional implications and central projections
Of the four Pholidapus LGC types identified after HRP application to the optic nerve, three (a a, a ab , and biplexiform cells) were also labeled from the optic tectum. The same three types were recently shown to project to the optic tectum in two other neoteleosts, Myoxocephalus stelleri and Hexagrammos octogrammus Podugolnikova & Kondrashev, 1998; Podugolnikova et al., 2002) . As was mentioned above, exclusion radius is altered by linear scaling, but is highly resistant to random undersampling. The spatial density and exclusion radii of Pholidapus a ab mosaics labeled from the optic nerve, i.e., irrespective of their projection site in the brain, are compared to those of OT-labeled a ab mosaics depending more on retinal region than on HRP application site (Table 1) . This implies that similar fractions of a ab cells were labeled from the optic nerve and optic tectum suggesting that the majority of them project to this visual center. The situation with a a cells is less definite: While the spatial densities of the ON-and OT-labeled mosaics are similar, their exclusion radii are not (Table 1 ). The differences may be due to region-dependent density variation or a lack of material (presently, only one tectum-labeled a a mosaic is available for comparison).
The fact that (1) Pholidapus a a and a ab cells in OTlabeled wholemounts are comparable in number to those in ON-labeled wholemounts, (2) OT-labeled mosaics of the three types retain arrangement regularity, and (3) tectal projection of the three LGC types generally displays retinotopic order implies that the OT is their major projection area. This conclusion is consistent with electrophysiological recordings of OT-projecting GCs (considered below). In the previous paper (Pushchin & Kondrashev, 2003) , we came to the same conclusion on biplexiform cells.
The absence of a c cells in OT-labeled wholemounts may be accounted for by their capricious labeling. Alternatively, these cells may not project to the optic tectum. The latter is supported by the fact that in the Alaska greenling and Steller's sculpin, a c cells occurred regularly, though less frequently than other LGCs, in ON-labeled wholemounts, but were not revealed after HRP application to the optic tectum (Podugolnikova et al., 2002) . In frogs, a c cells are known to project to the neuropil of Bellonci and may mediate phototactic and color-specific responses in both tadpoles and adult frogs (Kondrashev, 1992a) . Cook and Sharma (1995) cited evidence suggesting that fish a c cells may project to a homologue of the neuropil of Bellonci and proposed that these cells, similar to their counterparts in frog, mediate phototaxis and the control of circadian rhythms. Neither function requires high spatial resolution, consistent with relatively rare occurrence of a c cells in some fishes. There is evidence that amphibian LGCs projecting to the optic tectum send axon collaterals to the pretectum (Stirling and Merrill, 1987) . This may also hold for fish large GCs. Consistent with this, Saidel and Butler (1997) showed that LGCs project to nucleus rostrolateralis of the 232.8 ± 7.68 121.9 ± 1.96 279 ± 6 242 ± 5 155 ± 8 153 ± 5 147.7 ± 1.8 89.5 ± 0.58 208.3 ± 2.62 146 ± 3 88 ± 1 182 ± 6 94 ± 2 215 ± 8 145 ± 4 260 ± 5 129 ± 1 191 ± 7 92 ± 2 222 ± 6 132 ± 1 131 ± 4 76 ± 1 (Cronly-Dillon, 1964; Galand & Liege, 1975; Jacobson & Gaze, 1964; Maximov, Maximova, & Maximov, 2005; Maximova, Dimentman, Maximov, Nikolayev, & Orlov, 1975; Maximova & Maximov, 1981; Maximova et al., 1971; Sutterlin & Prosser, 1970; Zenkin & Pigarev, 1969) . They differ in preferred stimuli, receptive field size, type of receptive field center response and display some degree of axon segregation with depth in the tectum. The size of the GC receptive field center is known to correlate well with dendritic field area (Kier, Buchsbaum, & Sterling, 1995; Yang & Masland, 1994) ; there are, however, exclusions; see Cook et al., 1999) , and the type of receptive field center response generally corresponds to the level of dendrite stratification in the IPL (Famiglietti, Kaneko, & Tachibana, 1977; Famiglietti & Kolb, 1976) . Given this, we suggest that probable physiological counterparts of Pholidapus a a and a c cells are spontaneously active units (dimming and lightening detectors), characterized by constant impulse activity and center/periphery antagonism (Cronly-Dillon, 1964; Galand & Liege, 1975; Jacobson & Gaze, 1964; Maximova et al., 1971; Sutterlin & Prosser, 1970; Zenkin & Pigarev, 1969) . As was mentioned above, Pholidapus a a and a c cells comprise, together with biplexiform cells, the largest GC group with dendritic fields considerably larger than those of non-large GCs. In accordance with this, the receptive field center of spontaneously active units is greater than those of the rest of the physiological types known from recordings from the optic tectum.
The probable counterparts of a a cells, monostratified in sublamina a of the IPL, are dimming detectors, characterized by an Off-type receptive field center response. Consistent with this, Stirling and Merrill (1987) showed that a a cells correspond to dimming detectors in the frog Rana pipiens.
Another potential counterpart of dimming detectors could be biplexiform cells as their proximal dendritic fields are similar in size to those of a a cells and are also stratified in sublamina a of the IPL. However, in amphibia and mammals, biplexiform cells receive direct inputs from distal retinal neurons, as is the case in other vertebrates (Straznicky & Gabriel, 1995; Zrenner, Nelson, & Mariani, 1983) . Their responses therefore probably differ from nearclassical OFF-type receptive field center response exhibited by dimming detectors.
a c cells, monostratified in sublamina c of the IPL, may correspond to another group of spontaneously active units, lightening detectors, characterized by an On-type receptive field center response. This, however, is not compatible with the fact that these cells were not found in the retinal wholemounts after HRP application to the optic tectum.
Probable physiological counterparts of Pholidapus a ab cells are so-called changing contrast detectors. The dendritic field of a ab cells is smaller than those of a a , a c , and biplexiform cells. In accordance with this, the receptive field of changing contrast detectors is smaller than those of dimming and lightening detectors. Changing contrast detectors exhibit a distinct On-Off-type reaction to changes in ambient illumination, which is consistent with a ab (bi)stratification in both IPL halves. They provide maximum response to small spots (33-50% of the RF size) and display center/periphery antagonism (Maximova et al., 1971; Zenkin & Pigarev, 1969) . In pike, these units are further subdivided into three groups based on receptive field size and preferred stimulus movement speed (Zenkin & Pigarev, 1969) . Proceeding from the receptive field size and regularity of occurrence of different units, in pike, probable physiological counterparts of Pholidapus a ab cells are large-field units responding to fast-moving stimuli.
Other potential physiological counterparts of a ab cells might be either directionally-selective units or horizontal edge detectors, whose receptive fields are comparable in size to those of changing contrast detectors in some species (Maximova et al., 1971; Zenkin & Pigarev, 1969) . However, fish directionals comprise several types similar in their receptive field size and other response characteristics but differing in preferred direction of stimulus movement (Cronly-Dillon, 1964; Jacobson & Gaze, 1964; Maximov et al., 1971; Maximova et al., 2005) . Their morphological counterparts are therefore expected to have similar morphology, but form several spatially independent regular mosaics in the retina (Cook, 2003) , while all neighboring a ab cells identified in our wholemounts apparently comprised a single mosaic. As to horizontal edge detectors described by Zenkin and Pigarev (1969) , their diffuse illumination provoked rare OFF discharges, which is inconsistent with bistratification of a ab cells (there are, however, exclusions from the ''classical'' correspondence between GC stratification pattern and response character; see Cook et al., 1999) .
A major visual center, the optic tectum plays a crucial role in fish visual behavior (Vanegas, Williams, & Essayag, 1984; . It is involved in the detection of form and mediates precise orienting responses of body and eyes, prey capture and predator escape reactions (Meyer, Schott, & Schaefer, 1970; Springer, Easter, & Agranoff, 1977; Gahtan, Tanger, & Baier, 2005; Herrero, Rodríguez, Salas, & Torres, 1998; Salas, Herrero, Rodríguez, & Torres, 1997; Yager, Sharma, & Grover, 1977) . In goldfish, the tectum is involved in some visual discrimination tasks (Davis & Klinger, 1987; Yager et al., 1977) . This is consistent with functional roles proposed for the physiological GC types that we related to the Pholidapus LGCs (Zenkin & Pigarev, 1969) . Fish dimming and lightening detectors respond well to movement of stimuli of various sizes at a variety of speeds. They are suggested to participate in orientation and escape reactions as well as general activity regulation such as circadian rhythms. Changing contrast detectors react to the movement of various size stimuli; the maximum response is evoked by small-size objects (0.33-0.5 of the receptive field size). These units are believed to participate in prey selection and capture.
